Abstract: Based on five-year observation of 36 snails collected in the Čeladná valley (Moravia, Czech Republic) and their progeny reared in laboratory, it was found that Vestia ranojevici moravica (Brabenec, 1952) is oviparous. The oviparity in V. ranojevici is in line with the previous assumption of its reproductive strategy based on anatomical studies alone. It supports the separate position of the species in the genus Vestia (subgenus Brabenecia). V. ranojevici was kept at room temperature (18-25
Introduction
Clausiliidae is a family of pulmonate terrestrial snails, with club-shaped, nearly always sinistral shell internally armed with complex system of folds and flexible, calcareous spoon-shaped plate (Nordsieck 2007) . Life history strategies of clausiliids are only fragmentarily known, yet recent studies point to some common traits such as determined growth, delayed maturation, iteroparity, longevity, ability for selfing and continuum of reproductive modes from egg-laying to live-bearing (Heller & Dolev 1994; Wirth et al. 1997; Maltz & Sulikowska-Drozd 2008 , 2011 Sulikowska-Drozd 2009 , 2011 Szybiak 2010, etc.) . It was noticed that closely related species may exhibit different reproductive strategies (e.g., short egg retention and viviparity, sensu Blackburn 1999), on the other hand, brooding species are classified in different genera which suggests that among clausiliids the evolutionary shift from oviparity, which prevails in land snails (see Heller 2001) , towards the embryos retention in reproductive tract occurred more than once. In respect of reproductive strategies, Baleinae of Central Europe are the best studied group of clausiliids, with typically oviparous species, e.g., Laciniaria plicata (Draparnaud, 1801), Bulgarica cana (Held, 1836) (Maltz & Sulikowska-Drozd 2008; Marzec 2010 ) as well as live-bearing species, e.g., Balea perversa (L., 1758), Alinda biplicata (Montagu, 1803) (Baur & Baur 1992; Maltz & Sulikowska-Drozd 2008 . Altogether, the reproductive modes are presently known for 10 species of Baleinae from that region which according to Falkner et al. (2001) belong to 4 genera and according to Nordsieck (2007) to 5 genera.
Vestia ranojevici (Pavlović, 1912) , whose reproductive biology has not been studied yet, because of the differences in shell and genital morphology in comparison to the Carpathian Vestia species (namely V. turgida, V. elata, V. gulo), gained an isolated taxonomic position in a distinct subgenus Brabenecia (Nordsieck 1974) . In Vestia ranojevici two subspecies are distinguished: ranojevici (Pavlović, 1912) and moravica (Brabenec, 1952) . The nominate subspecies inhabits Bulgaria and Serbia (Nordsieck 1974) , and locali-ties of the latter were found in Moravia, the Czech Republic (Moravskoslezské Beskydy Mts, Hostýnské Vrchy Mts, Oderské Vrchy Mts and Podbeskydi region) (Novák & Novák 2010) . The snail lives on tree trunks, most often beech, ash, sycamore, lime, rarely fir and spruce; only exceptionally in leaf litter. The nomenclature and taxonomic position of these forms have long been controversial (Hudec et al. 1958; Hudec 1963; Urbański 1960 Urbański , 1969 Urbański , 1973 Likharev 1962; Nordsieck 1973 Nordsieck , 1974 . The Balkan subspecies was briefly described by Pavlović in 1912 in the "Molluscs of Serbia" as Uncinaria turgida var. ranojevici (Locus typicus Krvave Bare in the valley of Toplodelska Reka in the Serbian part of Stara Planina Mts.). Two years later A.J. Wagner described it as a new species Pirostoma riloënsis (Wagner, 1914) from Rilski Monastyr in Bulgaria. The form inhabiting Moravia was described in 1952 by Brabenec as Laciniaria moravica. Shortly after it was considered as a subspecies of the Balkan Laciniaria (Pseudalinda) riloënsis A.J. Wagner (Hudec et al. 1958) , because its shell structure and reproductive system resembled those of Balea (Pseudalinda) stabilis. Hudec et al. (1958) stated that in V. ranojevici the spermoviduct was longer than the free oviduct and vagina together, similarly as in Pseudalinda group, while in the Carpathian species of Vestia the spermoviduct was shorter than the free oviduct and vagina together. In contrast to Hudec et al. (1958) Urbański (1960) showed that the shell morphology (aperture shape, position of lower lamella) pointed to a close affinity to the Carpathian species of Vestia. Likharev (1962) rejected the subdivision into subspecies as it relied entirely on their disjunct distribution. He also mentioned that the species was viviparous. After examination of the collection of Pavlović, Urbański (1969) synonymised Uncinaria turgida var. ranojevici Pavlović, 1912 and Pirostoma riloënsis A.J. Wagner, 1914 . Also according to Nordsieck (1974) ranojevici should be classified in the Vestia genus because of the shape of clausilium plate and distal parts of the male reproductive duct (short parepiphallus, distinctly separated from pseudoepiphallus). He also suggested oviparity as its reproductive mode.
Because of conflicting information on the reproductive strategy and taxonomic position of Vestia ranojevici we aimed to ascertain its biology, including observations of egg-laying/releasing neonates, size of eggs/neonates, size of egg batches/litters, fecundity, growth rate and time of maturation. Breeding experiments were conducted in the laboratory culture of snails collected in Moravia and representing Vestia ranojevici ssp. moravica (Brabenec, 1952) . The data were compared to the results of breeding of Carpathian species of Vestia and Balea (Pseudalinda) in the same laboratory (Sulikowska-Drozd 2008 , 2009 Maltz & SulikowskaDrozd 2008; Sulikowska-Drozd & Maltz 2012a, b) to evaluate whereas differences in life history traits mirror the present taxonomy of the group (see Falkner et al. 2001; Nordsieck 2007) or if similar reproductive strategies evolved independently.
Material and methods
The observations of Vestia ranojevici moravica were carried out from August 2007 to April 2012 at the Department of Invertebrate Zoology and Hydrobiology, University of Lódź. The initial material for the laboratory culture (26 adults and 10 juveniles) was collected from the Čeladná valley in the vicinity of Frýdek-Mistek in Moravia (N 49
• 29 ; E 18 • 21 ; 780 m a.s.l.). The snails were found in an old beech-firsycamore forest on the steep W-facing slope. The majority of individuals occurred inside rotten bracket fungi Fomes fomentarius and Cranoderma applanatum on the fallen trees.
The snails collected in the field (generation F0) and originated in the culture (generation F1) were placed in plastic boxes, volume 300 cm 3 , lined with tissue paper with pieces of limestone. Main observations were conducted between March and October at room temperature (18-25
• C) and natural lighting regime; during wintering the snails were kept in a dark, cool store. The temperature there was lowered to 12
• C in October, and to 3
• C at the beginning of November. Then it was fixed at 3
• C until the end of February; it was increased to 8
• C at the beginning of March, and then after fortnight to room temperature. During the observation season the boxes were inspected weekly, sprayed with water to ensure constant high humidity and cleaned when necessary. The snails were fed lettuce. All eggs seen were transferred to separate boxes with humid tissue paper. They were checked every three days for hatching. After hatching the neonates were kept in new boxes. The adults collected in the field were kept in pairs (20 individuals), in two groups of three (6 ind.) and the juveniles were kept together (10 ind.).
Together 402 eggs were measured (major & minor diameter) using a stereomicroscope with a graticule, than the shape index (minor diameter/major diameter) was calculated. The time elapsing from egg laying till hatching, success of hatching and cannibalistic behaviour of neonates were also recorded.
To determine the grow rate and the time of maturation, two groups of juveniles (5 ind. each) hatched in May 2008 were kept at room temperature. Their shell height and number of whorls counted according to Ehrmann's method (1933) were noted at least once in a fortnight till they attained the ultimate size (fully developed clausilium and lip). That allowed to draw the growing curve for the species. Observations on the reproductive mode of generation F1 were based on 10 measured individuals and additional 15, kept in groups of 5. Other laboratory-bred juveniles were kept in bigger groups (20-30 ind.). Between March and May 2012 nine adults were dissected to determine if they retained developing eggs in the genital ducts during the reproductive period. In May 2012 the snails were released at the sampling site in Čeladná.
Statistical analysis of the results was done using Statistica 10.
Results
Vestia ranojevici moravica reproduced in the laboratory during five seasons (2008) (2009) (2010) (2011) (2012) October) with the most intensive reproduction starting in the middle of April, i.e., one month after raising the temperature in the room (Fig. 1) . None of dissected adults retained eggs or embryos. In total 810 juveniles hatched successfully in the laboratory (507 from eggs laid by F0 generation; 303 -F1 generation). The snails laid eggs singly or in batches and placed them in sheltered places (under stones or tissue paper). The number of batches per pair (generation F0) per season ranged from 1 to 8 (mean 2.4; SD = 2.2; n = 20; data for 4 years), and was the highest in the first year of observation (mean 4.7) ( Table 1) .
The number of eggs laid in a batch by F0 paired individuals ranged from 1 to 10, most frequently 4-6 eggs were found (> 70% of batches). The mean batch size was similar in consecutive years of breeding (Table 1) , and was 5.3 eggs (SD = 1.7; n = 63). For F0 snails kept in a group of three, egg batches with 11 eggs were recorded twice.
The mean number of eggs laid in a batch by F1 individuals was 6.3 (SD = 2.4; range 1-10; n = 55). The difference between batch sizes produced by F0 and F1 individuals was significant (Mann-Whitney U-test; P < 0.05).
The number of eggs per season per pair ranged from 3 to 40 (mean 16.2; SD = 10.4; n = 20), and during the whole laboratory culture from 4 to 69 (mean 35.2; SD = 17.6; n = 10). The data on the number of offspring are shown in Table 1 .
The eggs were gelatinous with separate calcium carbonate crystals in the external envelope. Immedi- ately after deposition the eggs did not contain shelled embryos ( Fig. 2A) , during the second week of external incubation embryonic shells became visible through the egg envelopes. Hatching started ca. 12-14 days after egg deposition and lasted 2 days (Fig. 2B, C) . The egg measurements presented in Table 2 indicated a considerable size and shape variation. On average the egg major diameter was 1.80 mm, minor diameter -1.51 mm and shape index -0.85. Usually all eggs in a batch were almost spherical but some egg batches contained also very elongated eggs, whose major diameter doubled their minor diameter (Fig. 3) . Such elongated eggs were laid mainly by generation F1 in July 2009 (the beginning of its reproductive life) but were also found in egg batches of generation F0 produced in the spring 2012. Generally, eggs laid by F1 snails compared to the eggs of the field-derived generation had a longer major diameter (ANOVA: F 1,400 = 46.173; P = 0.0000) and were more elongated (shape index -ANOVA; F 1,400 = 41.802; P = 0.0000); the minor diameter did not differ significantly (Fig. 4) .
The hatching success for eggs laid by F0 individuals was 84%, and by F1 individuals 76%. For most of the egg batches hatching success reached 75-100%, which means that only 1-2 eggs failed to develop and were consumed by other hatchlings. The egg cannibalism did not cause high mortality of embryos because of synchrony of development in an egg batch. The hatching success was independent of the egg shape -also majority of elongated eggs hatched (Fig. 2B) . During the whole laboratory culture only 6 egg batches failed to develop.
The snails hatched on 20 May 2008 completed their growth between 7 October and 12 December 2008 (after 20-29 weeks) (Fig. 5) . Immediately after hatching their shell height was 1.8-2.0 mm (mean 1.97) and the number of whorls 2.8-3.4 (mean 3.1), while they reached the ultimate size at 15.1-16.9 mm (mean 16.29) and 11.2-11.9 whorls (mean 11.6). Copulation was observed on 31 December 2008 (32 weeks from hatching) and the first egg batch was laid on 4 May 2009 (after 50 weeks) indicating a one-year life cycle under laboratory conditions (at room temperature).
Discussion
The results of our laboratory culture support Nordsieck's hypothesis (1974) , that Vestia ranojevici is oviparous: 1. dissected adults did not retain eggs in reproductive tract, 2. freshly deposited eggs were translucent and did not contain shelled embryos, 3. neonates hatched after long external incubation (at room temperature after ca. 14 days). The eggs of other Vestia species kept at the same laboratory hatched after shorter time of external development (V. gulo: 7-10 days; V. elata: 2-4 days; V. turgida: 0-2 days), and immediately after egg deposition big, shelled embryos were visible through the egg envelopes (Sulikowska-Drozd 2008 , 2009 ). In the Carpathian Vestia species anatomical examination of adults revealed the presence of developing embryos in reproductive tract, thus confirming their egg retaining reproductive mode. These data support the division of the genus Vestia into subgenera: Vestia (brooding) and Brabenecia (non-brooding = oviparous).
Because of the short period between the egglaying and hatching as well as the occurrence of developmentally-advanced embryos in the reproductive tract, the brooding was recognised in Balea (Pseu (Maltz & Pokryszko 2009 ). For small oviparous clausiliids (e.g., Clausilia parvula Férussac, 1807) the period of external egg development was slightly shortened (Maltz & Sulikowska-Drozd 2008) .
According to the division provided by Tompa (1984) the eggs of clausiliids of the genera Vestia and Balea (Pseudalinda) belong to the category of partly calcified eggs, with separate calcium carbonate crystals in gelatinous, flexible egg envelope. However, eggs covered with continuous layer of calcium carbonate crys- (1.6-2.7) (1.5-2.5) (1.4-2.5) (1.4-2.0) (1.5-2.4) Minor diameter (mm)
1.50 ± 0.11 # 1.50 ± 0.10 1.80 ± 0.15 1.67 ± 0.17 1.45 ± 0.14 1.76 ± 0.12 (1.0-1.8) (1.4-1.7) (1.4-2.2) (1.1-2.1) (1.2-1.7) (1.4-2.1) Minor/major diameter 0.88 ± 0.08 # 0.73 ± 0.10 0.87 ± 0.07 0.91 ± 0.07 0.84 ± 0.08 0.90 ± 0.05 (0.5-1) (0.5-0.9) (0.7-1) (0.6-1) (0.7-1) (0.7-1) Batch size **5.3 ± 1.7 *4.24 ± 2.17 *4.50 ± 2.07 *9.44 ± 3.73 *5.12 ± 2.4 *6.75 ± 3.61 (eggs or neonates)
(1-11) (1-9) (2-10) (2-16) (1-11) (1-14)
Number of eggs/neonates **16.2 ± 10.4 *11.66 ± 6.75 *17.47 ± 8.81 *18.45 ± 6.33 *10.40 ± 6.64 *14.50 ± 10.06 per laboratory season (3-40) (1-30) (2-33) (7-34) (3-20) (1-36)
Number of batches per **1-8 *1-6 *1-7 *1-4 *1-4 *1-4 laboratory season Time between egg laying 14-16 0-2 2-4 7-10 >15 8-10 and hatching (days)
Reproductive mode oviparity viviparity long egg short egg oviparity short egg retention retention retention
Explanations: data for adults collected in the field; mean values ± SD, range in parentheses; * for individuals kept singly; ** for pair of snails; # eggs found sporadically.
tals were found in other clausiliids, for example in Pontophaedusa funiculum (Mousson, 1856) typically calcified eggs, which were already firm inside the reproductive tract (Páll-Gergely & Németh 2008).
In our laboratory culture the eggs of V. r. moravica varied in size and shape. This variation was observed within and between batches, but it did not influence the hatching success, thus indicating high flexibility in this reproductive parameter and its limited usefulness for interspecific comparisons. The eggs of V. r. moravica generation F0 had similar size to eggs of B. stabilis (major diameter 1.73 ± 0.12 mm), while eggs of the next generation were more elongated and resembled those of Vestia turgida (2.09 ± 0.28) (Table 3) . A similar variation in shape was found for eggs of B. fallax (Sulikowska-Drozd & Maltz 2012a), but in this case big, elongated eggs (major diameter 2.58 ± 0.9; shape index 0.72 ± 0.14) were deposited only by snails isolated before maturation, so produced by self-fertilization. Such eggs failed to develop. Here more elongated eggs were observed most frequently in boxes with young adults (generation F1, age 1 year +) kept in groups thus crossfertilization was possible.
The egg batches of V. r. moravica contained usually 4-6 eggs, maximum 11 and in this respect they resembled batches of V. turgida, V. elata and B. stabilis. Larger egg batches were recorded in V. gulo and B. fallax indicating a correlation with adult size which is larger in these species (Table 3) . Among medium sized clausiliids (V. r. moravica, V. turgida, V. elata and B. stabilis) the size of egg batch/litter varied slightly: oviparous P. stabilis and V. r. moravica laid usually 5-8 and 4-6 eggs, respectively; egg-retaining V. elata produced 2-7 eggs at a time, while V. turgida delivered 2-5 neonates (Sulikowska-Drozd 2009; Sulikowska-Drozd & Maltz 2012b) . Mean values of batch/litter size indicated that brooding species produced usually fewer offspring per reproductive event than oviparous clausiliids (Table 3).
The reproductive period of V. r. moravica under laboratory conditions lasted from March till September, with a single reproductive peak from the middle of April till the middle of June. V. elata in similar conditions had two reproductive peaks -spring (second half of April -first half of May) and autumn (September), while B. stabilis laid eggs mainly in April and May (Sulikowska-Drozd 2008; Sulikowska-Drozd & Maltz 2012b ). According to Maltz & SulikowskaDrozd (2008) , clausiliids kept under constant temperature (without wintering) reproduced throughout the year (irrespective of the lighting regime), but usually two periods of higher intensity of egg laying were observed. Studies on the annual activity of mature gonads of V. gulo and V. turgida have shown that the seasonality of reproduction depends on the cyclic production of oocytes whose maturation takes several months (Maltz & Sulikowska-Drozd 2010) . The whole year reproductive activity observed in laboratory results probably from an overlap of oogenesis cycles in various individuals. According to Mamatkulov (2007) European oviparous clausiliids have a short reproductive period in the field, e.g., Cochlodina laminata (Montagu, 1803) from the middle of May till the end of June and Laciniaria plicata (Draparnaud, 1801) from the end of June to the end of August. In natural populations of egg retaining species of Vestia neonates were recorded between June and October (elata) or only in summer (end of June-July in V. gulo, and end of June -August in V. turgida) (Piechocki 1982; Sulikowska-Drozd 2010 , 2011 . Correspondingly, retained eggs were found during several months of the growing season, namely from early May till August in V. turgida and from early May till July in V. gulo (Sulikowska-Drozd 2009). In livebearing Ruthenica filograna (Rossmässler, 1836) eggs and embryos were found in reproductive tract from March till October (Szybiak 2010) . It appeared that prolongation of the reproductive period in egg retaining species (combined with gradual release of progeny) is advantageous in comparison to oviparous reproduction which is limited to a short period of optimal weather conditions (see Baur 1994) . The literature contains no information on phenology of reproduction in natural populations of V. r. moravica.
Under constant temperature and high humidity growth completion in V. r. moravica takes 20 weeks and additional 30 weeks are needed to start reproduction. This supports the earlier observations of the authors on delayed maturation in clausiliids (Maltz & Sulikowska-Drozd 2011) . Under laboratory conditions density affects growth rate of juveniles (Baur & Baur 1992 ; at low densities clausiliids attain their ultimate size in 14-32 weeks (Maltz & Sulikowska-Drozd 2008) . V. gulo, V. elata and V. turgida complete their growth in ca. 14-18 weeks, and B. fallax in 24 weeks (Sulikowska-Drozd & Maltz 2012a). Numerous environmental factors affect snail growth in the wild which might result in considerable duration of the juvenile phase of life (Heller & Dolev 1994; Wirth et al. 1997) . Individuals of V. elata completed growth in 2 years (Piechocki 1982) , and V. gulo and V. turgida in 1-3 years, depending on the altitude-associated thermal differences between the sites (Sulikowska-Drozd 2010 , 2011 .
According to Nordsieck (1973 Nordsieck ( , 1974 ) the structural similarity of the reproductive tract between V. ranojevici and species of Balea (Pseudalinda) results from the common reproductive mode -oviparity, while the other Carpathian species of Vestia are egg retainers. Thus, it does not result from a close affinity but is a convergence. Nordsieck (1974: 159 p.) concluded that in egg retaining species of Vestia the division of spermoviduct into oviduct and vas deferens is more distal to prevent blocking of vas deferens by developing embryos. [Die Umbildung des Canalis mucosus zum embryoaufnehmenden Uterus erfordert einen früheren (weiter distal gelegen) Austritt der Spermarinne als geschlossenes Vas deferens, vermutlich um einen Verschluss der Rinne durch die grösser werdenden Embryonen zu verhindern]. He found the same adaptation in brooding Alinda biplicata (Montagu, 1803) and Balea perversa (L., 1758).
To sum up, variation in reproductive modes was found in Vestia and Balea (Pseudalinda) (Piechocki 1982; Sulikowska-Drozd 2008 , 2009 , 2011 Maltz & Sulikowska-Drozd 2010 , 2011 Sulikowska-Drozd & Maltz 2012a, b; Sulikowska-Drozd et al. 2012) . B. (Pseudalinda) stabilis and Vestia ranojevici moravica are oviparous, while B. (Pseudalinda) fallax and V. gulo retain developing embryos for a short time, V. elata keeps them for a longer period and V. turgida is viviparous. Life history traits of the Carpathian clausiliids such as egg size, batch size, time between egg-laying and hatching do not follow the taxonomic divisions at the genus level but are related to parental shell size and reproductive mode of the species.
The data on V. r. moravica reproduction should be confronted with the study on the life history of the Balkan V. r. ranojevici. It appears that molecular markers might help to elucidate the origin of the Moravian populations of the species as well as phylogenetic relationships among the (sub-)genera Vestia, Alinda, Balea, Laciniaria, Pseudalinda whose taxonomic positions are still debatable (see Kerney et al. 1983; Falkner et al. 2001; Nordsieck 2007) .
